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ABSTRACT 
Microfluidic technologies hold a great deal of promise 
in advancing the medical field, but transitioning them from 
research to commercial production has proven problematic. We 
propose precision hot embossing as a process to produce high 
volumes of devices with low capital cost and a high degree of 
flexibility. Hot embossing has not been widely applied to 
precision forming of hard polymers at viable production rates. 
To this end we have developed experimental equipment capable 
of maintaining the necessary precision in forming parameters 
while minimizing cycle time.  In addition, since equipment 
precision alone does not guarantee consistent product quality, 
our work also focuses on real-time sensing and diagnosis of the 
process. 
This paper covers both the basic details for a novel 
embossing machine, and the utilization of the  force and 
displacement data acquired during the embossing cycle to 
diagnose the state of the material and process. The precision 
necessary in both the forming machine and the instrumentation 
will be covered in detail. It will be shown that variation in the 
material properties (e.g. thickness, glass transition temperature) 
as well as the degree of bulk deformation of the substrate can 
be detected from these measurements. If these data are 
correlated  with subsequent downstream functional tests, a total 
measure of quality may be determined and used to apply 
closed-loop cycle-to-cycle control to the entire process. By 
incorporating automation and specialized precision equipment 
into a tabletop “microfactory” setting, we aim to demonstrate a 
high degree of process control and disturbance rejection for the 
process of hot embossing as applied at the micron scale. 
 
INTRODUCTION AND MOTIVATION 
The term “microfluidics” embodies a suite of 
technologies that take advantage of the physics present at small 
volumes of fluid to quickly and at low cost accomplish 
typically complex, expensive, or time-intensive tasks (1).   
Many breakthrough designs for processes from PCR to cell 
sorting to assays testing for various diseases have been 
developed and verified in laboratory situations.  These devices 
are typically fabricated by casting polydimethylsiloxane 
(PDMS), a cross-linked elastic polymer, onto a 
lithographically-patterned master.  The PDMS negative is then 
bonded to a glass backplane, forming enclosed channels (2).  
PDMS, though a suitable material for device design and 
research, has several key flaws, including permeability to 
certain solvents and biological molecules, as well as unstable 
material properties with age (3); but transferring these soft-
polymer designs into mass-manufacturable hard-polymer 
designs presents further obstacles, and transitioning these 
research technologies into products widely available on the 
market has proven to be a challenge.   
Several existing technologies have been applied to the 
production of microfluidic devices in hard polymer form.  
Micromilling and laser ablation are flexible processes capable 
of manufacturing devices individually, but exhibit low 
throughput due to the fact that they are serial processes (2). 
Nanoimprint lithography shows promise in patterning large 
areas with micro- or nano-scale features, but has yet to be 
demonstrated as a suitable manufacturing scale technique (2).  
Ultraviolet nanoimprint lithography, in which a fluid polymer is 
cast using UV light onto a mold, is another promising 
technique; however, to achieve microscale features, the 
mechanical and manufacturing demands are similar to that of 
conventional lithography, making it a relatively expensive 
process (4). 
Injection molding is a high-throughput process well-
optimized for the hard thermoplastics of interest, but fabricating 
microscale features with adequate fidelity poses greater 
challenges; careful process optimization is required for 
microscale features to fully fill before the liquid thermoplastic 
freezes in narrow channels.  The time and capital investment 
for tooling and optimization can be large, making injection 
molding a less attractive solution for low-volume device 
production and design iteration (5). 
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Precision hot embossing occupies the space in 
between these two techniques, providing a flexible, scalable, 
low-cost manufacturing process.  Embossing equipment 
requires less mechanical complexity and capital investment 
than injection molding equipment, and can be scaled to right-
sized needs to control cost as well as operated in parallel to 
increase throughput.  The process offers comparable feature 
fidelity to injection molding (features down to 25nm have been 
successfully replicated (6)).  Both embossing and injection 
molding are subject to significant de-molding stresses that must 
be considered in both the tooling material and device geometric 
design (8).  However, embossing causes large deformation only 
at the embossed surface, creating smaller residual stresses.  
This results in lessened damage to tooling and makes 
embossing suitable for applications sensitive to residual stresses 
in the plastic, such as optical waveguides (7).   
To this end, this project seeks to apply hot embossing 
to precision polymer fabrication techniques, and to develop 
precise process control in order to ensure high part quality 
output and production rate even when subject to disturbances.  
 
PROCESS PHYSICS OF HOT EMBOSSING 
The hot embossing process is one in which permanent 
plastic deformation is imparted to a polymer substrate using a 
heated, micro-featured stamp.  The polymer is heated above its 
glass transition temperature, decreasing its elastic modulus and 
promoting essentially purely plastic flow when a tool is 
imprinted even at low pressures (13).  Once flow is complete, 
the polymer is then cooled below its glass transition 
temperature, and the tool is removed, leaving permanently 
formed features in the polymer. 
One important fact for the design of industrial 
equipment is that the hot embossing process is a threshold 
process.  Given sufficiently high temperatures and pressures, 
the micro-features will form to a high degree of fidelity, and 
any increased force or temperature will not significantly 
improve quality.  However, excessively high temperatures and 
pressures will cause the polymer substrate to exhibit bulk flow, 
distorting the substrate and preventing subsequent registration 
for further finishing steps (14).   
It was determined, then, that to successfully 
accomplish precision micro-embossing on an industrial scale, 
that temperature and applied pressure needed to be tightly 
controlled, and that precise parallelism between forming 
platens as well as precisely repeatable linear motion was 
required to control variability. 
 
EQUIPMENT NEEDS AND STATE OF THE ART 
Once embossing was selected as the process of 
interest, the next question was to understand what areas of the 
process required precise experimental control, and whether 
existing commercially available solutions were capable of 
meeting these requirements.   
Industrial hot embossing presses are commonly 
available for low-precision, low-cost applications, such as 
embossing patterns into leather, foils, and polymers (9), but are 
unsuitable for precision microscale embossing.  Laminating 
machines have been shown to be effective but slow, requiring a 
full hour to produce one device (10).  Specialized solutions 
intended for automatic or semi-automatic embossing are 
available from sources such as EV Group, but are high-cost 
solutions (4), though they do outperform more primitive presses 
significantly (11).   
 
EXPERIMENTAL EQUIPMENT 
Thus, it was identified that no suitable low-cost, high-
throughput, high-precision option was available for precision 
microscale embossing production, and that custom equipment 
would need to be constructed.  Previous work completed by 
Hale demonstrated that the design and construction of a simple, 
fast-cycle, low-cost embossing machine was feasible (14).  
However, this work also demonstrated a need for enhanced 
control over forming parameters and for mechanical precision 
and repeatability.  To reduce variability and achieve the desired 
higher level of precision, the new generation of equipment 
detailed in this document was developed.  In addition, this 
undertaking presented the opportunity to outfit the equipment 
with a sensor package to monitor and investigate quality and 
process physics in-cycle during production.  The result is 
experimental equipment capable of both industrial-level 
production and of experimental process monitoring and control. 
 
 
 
FIGURE 1. EXPERIMENTAL EQUIPMENT WITH KEY 
FEATURES LABELED. 
An image of the equipment with key features labeled 
in shown in Figure 1.  The equipment is supported in a rigid O-
frame structure.  On the roof of the structure, the tool is 
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mounted on a stack consisting of an active thermal mass and a 
reinforced insulating slab.  On the base of the structure, a 
pneumatic bellows vertically displaces a blade flexure-guided 
shaft held in an air bushing to move the lower forming platen, 
also consisting of an active thermal mass isolated from the 
machine structure, upwards to bring the substrate in contact 
with the tool.  The combination of the pneumatic bellows with 
the air bushing allows for completely stiction-free movement 
and force application, and thus allows for precise linear control 
of both force and position.  The repeatability of the linear 
motion of the platens relative to each other, due to the rigidity 
of the O-frame structure and the precision of the air bushing, is 
measured to be better than 5μm.  This machine has been 
demonstrated to produce parts of good quality with cycle times 
of 90-120 seconds (15).   
One key challenge was to allow tooling features to be 
aligned with existing features on substrates.  A kinematic 
alignment system consisting of three fixed pins combined with 
an industrial pick-and-place robot arm allows placement of 
substrates into the embossing machine to a repeatability of 
25μm (12).  In addition, the tool is mounted on a planar flexure 
which allows the tool position to be calibrated to match the 
pins.  This flexure can be loaded with the full force required for 
embossing without deformation.  The kinematic alignment pins 
and planar adjustment flexure are shown in Figure 2, in which 
the embosser structure has been opened to take a photograph. 
 
 
 
FIGURE 2. IMAGE OF KINEMATIC ALIGNMENT PINS (A) 
AND PLANAR ADJUSTMENT FLEXURE (B). 
Another key challenge was to carefully control the 
forming parameters in order to ensure their precision and the 
repeatability of each cycle.  Internal sub-loops within the heater 
controllers and the pressure controller maintain the temperature 
and pressure setpoints.  An enclosing force loop consisting of a 
feedforward and discrete proportional-integral controller allows 
attainment of force setpoints to within the sensor resolution of 
5N.  The temperature control loops allow the temperature 
setpoint to be controlled to within 2°C, despite slight physical 
differences in heater output power between the two heating 
units.  Given the precise control of forming parameters, 
repeatability of the cycle is ensured, and the input parameters 
may be finely and reliably adjusted to control quality. 
 
SENSOR CAPABILITIES 
In addition to providing a platform suitable for 
studying the precision embossing process, the experimental 
equipment provides a platform to investigate the process 
physics real-time and in-cycle.  An LVDT measures 
displacement between the lower platen and the upper platen, 
and is capable of resolving 0.5μm displacements over a range 
of 1mm.  A load cell measures force transmitted through the 
structural stack and can resolve forces down to 5N over a 
2000N range.  These two measures provide both force and 
displacement, and built-in thermocouples in the heaters provide 
a measure of temperature.  These sensors allow both the 
thermal and mechanical state of the material to be estimated 
during the process.   
One important measurement related to part quality that 
can be made is the measurement of bulk deformation.  When 
substrates are exposed to insufficient temperature or pressure, 
the microchannels do not fully form.  When substrates are 
exposed to excess amounts of temperature and pressure, 
however, the microchannels exhibit high fidelity to the master, 
but the substrate displays bulk deformation around its 
unconstrained edges, making the finished product aesthetically 
displeasing and difficult to register for finishing steps.  When 
optimal pressure and temperature are applied, the channels may 
be well-formed without the bulk deformation on the edges.  A 
visual depiction of under-formed, well-formed, and over-
formed devices is shown in Figure 3.  
 
 
 
FIGURE 3. IMAGES OF UNDER- (LEFT), WELL- (CENTER), 
AND OVER-FORMED (RIGHT) DEVICES. 
Thus, the ideal formation parameter set point is to 
achieve the minimum temperature and pressure suitable to 
ensure channel formation while still staying within a 
determined threshold of acceptable macroscale deformation.  
By measuring the displacement of the platens during forming, 
the bulk thinning of the substrate can be monitored.  Assuming 
that under the conditions of constant force and temperature, the 
a 
b 
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deformation consists mostly of plastic flow with relatively 
conserved volume, this measurement should be an indirect 
indicator of the degree of macroscale area deformation of a 
finished product.   Obtaining this measurement in combination 
with measurement of the quality of channel formation then 
defines total quality of a produced part. 
 
    
 
FIGURE 4. EXPERIMENTAL DEVICES WITH LOW DEGREE 
OF OVERFORMING (LEFT) AND HIGH DEGREE OF 
OVERFORMING (RIGHT). 
To this end, a set of experiments was performed, in 
which macroscale deformation was intentionally created to 
various degrees.  The displacement during each production 
forming cycle was measured at constant temperature and force.  
After formation, an image under constant lighting and focus 
conditions of each product was captured.  Each image was 
taken at 300dpi resolution, so that the device occupied an area 
of approximately 0.7 megapixels in each image.  Sample 
images prior to analysis are shown in Figure 4.  By applying a 
threshold filter to the image, removing particles, and filling 
holes in the remaining large particle, the area of the product 
could be measured, and changes in area from pre- to post-
embossing on the order of 1% could be measured, with natural 
variation of the imaging technique estimated at 0.7% of the 
total area.  The measurement noise derives from the ambient-
light optical imaging technique, which is very sensitive to even 
small variations in light and shadow. 
The result, plotted in Figure 5, showed a strong 
correlation between the optically measured area and measured 
displacement.  The strong quadratic correlation, expected under 
incompressible conditions owing to the relationship Δ𝐴 ∝
(Δ𝑧)2, provides evidence for the indirect measurement is 
sufficient to detect macroscale deformation in-process. 
 
 
FIGURE 5.  CORRELATION OF AREA MEASUREMENT TO 
MEASUREMENT OF DISPLACEMENT DURING FORMING.   
 
Another important measurement to make in-process is 
the initial thickness of the blank.  The planar geometry of the 
blanks is very consistent, but great variation has been found in 
the material thickness.  This variation affects the heating rate of 
the blank, which can be taken into account to adjust the 
temperature or the length of the pre-heating period in order to 
minimize cycle time.  In addition, it is important for later 
registration for measurement and finishing steps; and, by 
detecting a “zero-thickness” blank, the equipment is capable of 
detecting a materials handling error and aborting an erroneous 
cycle.   
To complete this measurement, the equipment simply 
records the displacement at which a nonzero force is first 
detected and thus contact with a blank is first made, and 
subtracts out a known physical offset between the LVDT tip 
and contact surface.  To corroborate this measurement, before 
forming, the blank is measured using a micrometer, and then an 
offset for estimated thermal expansion is added.  The 
comparison of these two measurements shows that the initial 
blank thickness can be accurately measured within 5% with an 
average error of 2.45%, as demonstrated in Figure 6. 
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FIGURE 6.  PERCENTAGE ERROR BETWEE MICROMETER 
THICKNESS MEASUREMENT AND IN-PROCESS 
THICKNESS MEASUREMENT. 
The consistent bias toward measuring substrates to be 
thinner than expected is believed to be due to a low sampling 
rate relative to the rate of compression.  This allows for some 
compression of the substrate to occur in each trial after contact 
is initiated but before contact is detected.  By improving the 
sampling rate, it is believed that the thickness measurement 
error could be detected. 
The in-process measurement can also be combined to 
estimate the glass transition temperature of the material in real-
time.  For polymer materials, the glass transition temperature is 
marked by a change from elastic to visco-elastic or plastic 
properties, and is measureable as a sudden drop in elastic 
modulus (13). 
Assuming constant geometry, structural stiffness in 
compression is then a surrogate for elastic modulus.  Under the 
conditions of constant force application, ramping up of 
temperature, and subtraction of thermal expansion, a change in 
stiffness should manifest as a displacement.  Thus, by 
measuring displacement during the pre-heat portion of the cycle 
in which these conditions are found, changes in stiffness as a 
function of temperature should follow the same pattern as the 
elastic modulus.  The expectation is then that the stiffness will 
rapidly decrease to a plateau when graphed against temperature, 
and this fact can be automatically detected to compute glass 
transition temperature.   
That is, an effective stiffness may be computed as 
𝐾𝑒𝑓𝑓(𝑇) =
𝐹
𝛿(𝑇) − 𝛿𝑎(𝑇)
, 
Where 𝛿𝑎 is the total estimated thermal expansion of the 
equipment and the substrate. In practice, the effective stiffness 
shows a positive slope, followed by a sharp inflection at the 
glass transition temperature, as shown in Figure 7.  It is 
theorized that the positive slope is caused by a combination of 
unmodeled thermal expansion as well as an effective change in 
stiffness as the tool features sink into the substrate and the tool 
encounters bulk contact instead of point contacts.  
 
FIGURE 7.   EFFECTIVE STIFFNESS VERSUS 
TEMPERATURE MEASUREMENT, IN WHICH A CLEAR 
INFLECTION POINT MARKS A STEEP DROP IN STIFFNESS.   
It is expected that by detecting changes in slope or 
local optima, the glass transition temperature can be estimated 
automatically and in-process, and small adjustments to forming 
parameters could be automatically made in real-time to 
compensate. 
 
CONCLUSION AND FUTURE WORK 
This paper has presented both a novel equipment 
design for hot micro embossing and the use of in-process 
measurements to monitor the state of the product in real-time.   
The equipment was designed both to be of low enough cost and 
cycle time to be commercially viable and to have the necessary 
precision for micro-scale feature embossing.  By combining 
this precision with sensor information, estimates of the thermal 
and mechanical state of the polymer from temperature, forces 
and displacement has been demonstrated.  These states were 
then shown to correlate well with off-line measures of substrate 
thickness, total bulk deformation, and variations in glass 
transition temperature.  Knowledge of these factors is key to 
controlling the process and maintaining consistent quality in a 
production environment.   
This equipment is now being integrated into an 
automated production cell that can produce and test a functional 
device at rate of approximately 30 units per hour.  Once the 
equipment is part of this system, the goal is to use both process 
and product quality feedback to reduce variation, to allow for 
rapid product changeover, and to recover quickly from expected 
material and process disturbances. 
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